The successful European Space Agency (ESA) Planck mission has mapped the Cosmic Microwave Background (CMB) temperature anisotropy with unprecedented accuracy. However, Planck was not designed to detect the polarised components of the CMB with comparable precision. The BICEP2 collaboration has recently reported the first detection of the B-mode polarisation. ESA is funding the development of critical enabling technologies associated with B-mode polarisation detection, one of these being large diameter half-wave plates. We compare different polarisation modulators and discuss their respective trade-offs in terms of manufacturing, RF performance and thermo-mechanical properties. We then select the most appropriate solution for future satellite missions, optimized for the detection of B-modes.
INTRODUCTION
The Cosmic Microwave Background (CMB) radiation encodes a wealth of information about the Universe and its evolution. This radiation was last scattered with matter 380'000 years after the Big Bang, and travelled freely afterwards. Since it was emitted when the Universe was very uniform and in thermal equilibrium, it has a Black-Body spectrum and it is extremely isotropic, with a level of anisotropy of the order of 10 -5 . Statistical distribution of this anisotropy is directly related to the values of the so called cosmological parameters, a set of parameters that describe the evolution of the Universe, its metric, and its constituents. The CMB radiation also presents a small level of polarisation, which can be decomposed in two fields with different symmetry properties: the E-mode, and the B-mode. The latter mode is of particular interest for cosmology, since it is a univocal signature of gravitational waves in the early Universe. The first detection of this signature has been reported by the BICEP2 South Pole based instrument [1] . The B-mode signal claimed in the BICEP2 results is at the level of 10 -7 or below the CMB intensity. Detecting such signal requires extreme polarisation purity and control of systematic effects, which are at the basis of the design of any next generation CMB experiment, ground-based, balloon-based, or satellite based. The goal of this project is to develop large diameter HWPs, of the order of ~1.2m ∅, with the aim of defining a road map for the subsequent development of larger waveplates (up to ~1.7m ∅) as required by a COrE-like satellite [2] . This implies a radical increase in dimensions from the presently available waveplates (~30cm) by a factor of four in diameter and sixteen in area. We summarise the concept design selection carried out in the ESA-ITT 'Large radii HWP development' study. In Section 2 we review the different polarisation modulation techniques used at millimetre wavelengths, limiting our discussion only to the quasi-optical modulators, relevant for this work. Section 3 is dedicated to the trade-off between the different techniques leading to the final concept design selection of the most appropriate polarisation modulator. 
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HWP manufacturability
Critical to manufacture is the identification and availability of suitable materials that are compliant with spaceflight requirements, e.g. low mass, low outgassing, launch survivability; have adequate RF performance and possess sufficient mechanical robustness to maintain appropriate mechanical tolerances during launch and normal spaceflight operation. The trade-off Table 1 provides the characteristics of the eight modulators identifying their relevant advantages and disadvantages. The table is divided into categories of transmission and reflection modulators, mechanical-rotation or translational-motion, and birefringent materials or metal grids. The meaning of the colours used in this and the following tables is the following: a green box means an 'advantage' of that device; a red box means a 'not usable' device; a grey box means a 'disadvantage', but still a usable device; a white box means a parameter not available/applicable; a yellow box means the 'goal' of this study.
Due to inherent material limitations we are of the opinion that HWP modulators constructed from birefringent materials are unsuitable candidates because of the present unavailability of birefringent crystals with diameters larger than ~ 30cm. We expect that both the single plate (B-HWP) and the multi-plate Pancharatnam (BP-HWP) birefringent concepts will not be considered further as options, though we will include a description of their attributes and current performance as a part of the conceptual design selection task.
When considering mechanical robustness, concepts utilising thin substrates or free standing wire grids are likely to prove difficult to manufacture with the required size. Furthermore, performance variability and device survivability is likely to be a considerable concern. The devices that fall in to this category are the air-gap mesh-HWP (M-HWP), the reflective HWP (R-HWP) and the Variable-delay Polarisation Modulator (VPM). We also mentioned that the VPM has an additional disadvantage arising from not modulating the Q and U Stokes parameters simultaneously. Note that we have not included the TPR in this list even though its present design includes a free-standing wire-grid. This is because future developments could replace the free-standing grid with a photolithographic grid that will be included in the QWP structure and thereby substantially improve the robustness of the device.
Spaceflight, and cryogenic operation, will most likely induce significant mechanical stress within the polarisation modulators, particularly during the launch phase. It is therefore reasonable to assume that options based on dielectrically embedded grids will be more robust. Consequently, at this stage, we consider as viable solutions the following (also highlighted in the table):
• Embedded mesh-HWP (EM-HWP);
• Embedded reflective-HWP (ER-HWP);
• Translational polarization rotator (TPR) .
We note that the EM-HWP has immediate potential for offering a relatively lower mass as it is made essentially of plastic, whereas the other ER-HWP and TPR types require an additional metallic mirror. On the other hand, the ER-HWP (in both versions) has the advantage of possessing a reduced temperature gradient across its surface due to the contact with a metallic mirror. Common to the three pre-selected options is the additional advantage that materials required to manufacture all these devices are commercially available and the fact that they can be produced using the same photolithographic techniques. Facilities necessary for the photolithographic processes, grid production, and substrate bonding are available within the project team and are located at the Cardiff and Manchester Universities, although they allow the manufacture of embedded devices only up to ~50 cm in diameter. However, the diameter requirement for the HWP development of this work was set to 120 cm and in order to develop these large plates the collaboration is undertaking a major upgrade of their facilities. The upgrade is in progress and it will soon allow the production of 120 cm diameter mesh-embedded devices.
HWP RF performance
As discussed in the polarisation modulators review section, there are a considerable number of key RF performance parameters that affect and define the suitability of the polarisation modulation options. These include, for instance, signal transmission and reflection, differential transmission and reflection, cross-polarisation, bandwidth, modulation efficiency, co-polar beam impact, cross-polar beams, and homogeneity performance across the plate. In Table 2 we have summarised our knowledge of these parameters for the different design concepts, once again using the same meaning for the colours. We included all of the polarisation modulation options in order to present an overall overview of present-day status. One of the most important parameters to study is the RF bandwidth, i.e. the frequency range within which the RF performance of the device meets operational requirements. In the COrE project proposal, to which this study is addressed, there are 15 frequency bands spanning from ~45GHz to ~800GHz. This is achieved using a free-standing reflective HWP that, for the manufacturing issues discussed above, is extremely challenging to realise. The fractional bandwidth is relatively large and multi-octave, of the order of ~180%. In order to tackle this very demanding requirement we can either try to design a device with an extremely large bandwidth or another one with multiple bands coincident with the ones of the instrument.
In the first case, very broadband performance could be in principle achieved using the Pancharatnam approach. Normally used with birefringent materials, this technique can also be applied to mesh-based devices. Both the EM-HWP and the TPR are based on mesh grids and Pancharatnam type recipes are available both for HWPs and QWPs, thereby allowing us to apply this principle to each. Antireflection coatings are required as well to optimise the broad overall transmissions. The results of our preliminary simulations and optimisations showed that bandwidths of ~100% can be achieved. Even so, although further design optimisations might lead to broader bandwidths, at this stage these options cannot be the considered as baseline option.
The second approach consists in developing dielectrically embedded versions of the free-standing reflective HWP. One solution is the ER-HWP-A option discussed in Section 2.6 (Fig.11a) . This device behaves almost like a free-standing R-HWP showing the required periodic frequency bands and even in presence of dielectric substrates the performance can be kept at the same level or above that of an air-gap R-HWP. The other solution, the ER-HWP-B option (Fig.11b) , based on embedded mesh artificial dielectrics, can achieve extreme large bandwidths of ~150%. Further developments might lead to meet the whole COrE requirements of an 180% wide bandwidth.
The bandwidth requirement is so defining a prioritisation between the pre-selected options that are now in the following order:
1) Embedded reflective-HWP (ER-HWP-A or -B) Multiple narrow periodic bands or large bandwidth 2) Embedded mesh-HWP (EM-HWP)
Single large bandwidth 3) Translational polarization rotator (TPR) Single large bandwidth
Each of the three options satisfies the requirement of modulating both the Q & U Stokes parameters and to have very high polarisation modulation efficiency. The transmission, reflection and absorption coefficients/differential-coefficients will be evaluated and constrained during the detailed design in order to meet the requirements. Concerning the ellipticity and cross-polarisation requirements, preliminary studies of EM-HWP and ER-HWP-A designs show that these parameters can be kept under control and within requirements. The flatness requirement, preliminarily investigated on small diameter devices, resulted to not be a serious concern in the case of embedded mesh devices. 
HWP suitability for cryogenic / mechanical operation in space
In Table 3 we have summarised the key aspects of all the HWP options from the cryo-mechanical point of view. Our discussion will continue considering just the three pre-selected options. The cryogenic modulation mechanism will be a rotator, in the case of the EM-HWP and ER-HWP, or a translator, in the case of the TPR. The key requirements of this mechanism are to have very low thermal dissipation at cryogenic temperatures (goal of 10mW at 10K) and reliable and repeatable performance.
Different cryogenic mechanisms for polarization modulators are described in the literature (see [16, 17, 18, 19] . All have advantages and disadvantages, in terms of accuracy, reliability, potential systematic effects. In particular:
• The continuous rotation WP based on magnetic bearings is optimal in terms of residual friction and modulation speed, but problematic in terms of thermal control of the WP and complex in fabrication, and requires anyway a motion transmission; moreover Eddy currents are inevitably produced in the structure, producing power dissipation.
• The stepped-rotation WP is simpler to build, allows for thermalization links, and does not require special components. It can be problematic in terms of residual friction and wear of the bearings in long-life applications like ours.
• The linear motion required for the TPR allows for thermalization links, but can be problematic in terms of residual friction, wear and parallelism / planarity of the optical components.
Given the large diameter of the HWP and TPR, a rotator is much more reliable than a translator: while precision in the motion of the former is provided by simple rotary bearings, for the latter it requires several (given the size) synchronized linear actuators. From the cryo-mechanical point of view, the ER-HWP is compatible with simpler and more reliable rotator mechanisms. The ER-HWP requires a reflective flat substrate, i.e. a metal plate. This solves very efficiently the thermalization problem affecting the central part of the EM-HWP (and TPR). Moreover, a solid metallic disk can be rotated by means of a central shaft, connecting the cold disk to a warm rotator, and acting as a central support system. In the case of the EM-HWP, instead, the center region has to be free from mechanical parts, which means that the support and rotation mechanisms must have a thoroidal shape.
Prototyping a cryogenic rotator is considerably simpler in the case of the ER-HWP. Parts of the rotator are at roomtemperature and a long insulating shaft, supported by bearings at both warm and cold ends. A suitable mock-up of the ER-HWP can be built so that its diameter is smaller than that of the real HWP, while the moment of inertia and mass are the same. In this way a small cryogenic facility can accommodate all the real rotator parts and the mock-up ER-HWP. The thoroidal rotator for an EM-HWP, instead, requires a rotator diameter larger than the one of the HWP itself, i.e. of the order of 1.5m. As a consequence the cold volume of the cryostat should have an even larger diameter and the time required to complete the thermal cycles would be much longer. The control of radiation loads is also much more critical.
HWP baseline selection
Combining together the previous discussions about manufacturability, RF performance and cryo-mechanical operations, we can finally select our main HWP technology options: The main reasons that drove us to these conclusions can be summarised as follows:
3. The ER-HWP will be based on a dielectrically embedded mesh structure in contact with a thick metallic mirror. The mirror will function also as a thermal short allowing the best possible thermalisation for a waveplate. The EM-HWP does not have this advantage.
4. The ER-HWP mechanism can be much simpler than the one required for a refractive EM-HWP or a TPR and is obviously compatible with a room temperature motor and a simple shaft for motion transmission. In this case the cryogenic bearings do not need to be bigger than the waveplate, in order to include it. The mechanism can be much smaller and then interfaced to the center of the waveplate mirror structure. In addition, such mechanism will not require a large cryostat to be tested.
CONCLUSIONS
We have discussed eight different quasi-optical polarization modulators ranging from birefringent materials to metal mesh based devices and within the refractive and reflective modulator families. Working principles, advantages and disadvantages of each device were presented. This study was carried out in order to assess which modulator could be manufactured with large diameters (>1m) and be considered as the polarization modulator for a future CMB B-mode satellite mission. Keeping in mind this type of target, detailed trade-off tables have been presented in terms of manufacturability, RF performance and cryo-mechanical operation. A first selection due to the availability of materials and robustness of the devices restricted the number of options down to three. RF performance, specifically the bandwidth, and cryo-mechanical considerations led to the choice of the baseline option and back-up solution being respectively an Embedded Reflective HWP (ER-HWP) and an Embedded Mesh-HWP (EM-HWP). An ongoing facility upgrade within the team institutions will allow soon the realization of 120 cm diameter mesh based devices.
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